Atomic force microscopy (AFM) nanomanipulation has been viewed as a deterministic method for the assembly of plasmonic metamolecules because it enables unprecedented engineering of clusters with exquisite control over particle number and geometry. Nevertheless, the dimensionality of plasmonic metamolecules via AFM nanomanipulation is limited to 2D, so as to restrict the design space of available artificial electromagnetisms. Here, we show that "2D" nanomanipulation of the AFM tip can be used to assemble "3D" plasmonic metamolecules in a versatile and deterministic way by dribbling highly spherical and smooth gold nanospheres (NSs) on a nanohole template rather than on a flat surface. Various 3D plasmonic clusters with controlled symmetry were successfully assembled with nanometer precision; the relevant 3D plasmonic modes (i.e., artificial magnetism and magnetic-based Fano resonance) were fully rationalized by both numerical calculation and dark-field spectroscopy. This templating strategy for advancing AFM nanomanipulation can be generalized to exploit the fundamental understanding of various electromagnetic 3D couplings and can serve as the basis for the design of metamolecules, metafluids, and metamaterials.
Introduction
Plasmonic metamolecules consisting of clustered metallic nanoparticles (NPs) (i.e., meta-atoms) have been extensively investigated over the last decade, because allowing for various electromagnetisms of interest at visible frequencies such as artificial magnetism, Fano-like interference, negative refractive index, and ultrahigh refractive index. 1−18 As accessible artificial electromagnetisms of plasmonic metamolecules are defined by materially realizable clusters, there is a pressing need for innovation of NP assembly methods. In this context, atomic force microscopy (AFM) nanomanipulation has been viewed as a unique and deterministic method for the assembly of clustered NPs, because its core, a blueprint containing information for programmed linear vector motion of the AFM tip can be directly translated into the directional dribbling of NPs with nanometer precision. This AFM nanomanipulation results in the assembly of plasmonic clusters with exquisite control over NP size, cluster geometry, and NP spacing, which would be difficult to achieve with other methods. 12, 18, 19 Nevertheless, AFM nanomanipulation has been relatively underutilized method in plasmonic and metamaterial engineer's toolset. This is in part due to its low robustness of NP dribbling and its limited ability to 3D cluster.
In general, the conventional synthesis of relatively large (> 20 nm) gold nanospheres (AuNSs) has resulted in a polygonal surface and highly dispersed size rather than smooth and uniform NSs. 20 Thus, dribbling polygonal-shaped and polydispersed AuNSs via AFM nanomanipulation has been error prone and difficult to achieve nanometer-precision. 21, 22 Even nanometer error within gaps between AuNSs is non-trivial, as it leads to drastic changes in artificial magnetism. 9, 12, 18 Therefore, AFM nanomanipulation-enabled assembly of plasmonic metamolecules needs to address the relatively low robustness of AuNS dribbling. This lack of robustness has been effectively mitigated by recent advances in the synthesis of highly uniform and spherical AuNPs. 23 −25 It has been shown that the use of highly spherical and smooth AuNSs can increase the accuracy of AFM nanomanipulation; 18, 19 however, limited dimensionality to the planar 2D motifs (e.g., 2D tetramer) has remained an obstacle for expanding design space for accessible plasmonic metamolecules via AFM nanomanipulation.
In this work, we aimed to advance AFM nanomanipulation by dribbling highly uniform and smooth AuNSs on nanohole templates (referred herein to as templated AFM nanomanipulation) rather than on a flat surface, so as to greatly expand available dimensionality of plasmonic metamolecules from 2D to 3D ( Figure 1 ). More specifically, the programmed AFM nanomanipulation allowed us to push AuNSs to the top edge of the nanohole (Figure 1a ) and then drop AuNSs into the desired position at the bottom of the nanohole (see Figure 1b ). Thus, the 2D plasmonic nanocluster (e.g., trimer) was first assembled within the nanohole; then, the remaining AuNSs placed on the top surface of polymeric nanohole can be further pushed onto the already assembled clusters ( Figure  1c ). Thereby, 3D plasmonic metamolecules were assembled even from the 2D linear vector motions of the AFM tip. Also, through dark-field spectroscopy ( Figure 1d ) together with electromagnetic simulations, the relevant plasmonic modes were fully rationalized.
Results and Discussion

Templated AFM nanomanipulation for the assembly of 3D plasmonic metamolecules
First, we developed the poly(methyl methacrylate) (PMMA) nanohole template by rigiflex nanoimprint lithography. 26 The PMMA nanoholes were 200 nm in diameter and 80 nm in height, as shown in scanning electron microscopy (SEM) and dark-field optical microscopy (DFOM) images ( Figure S1 ). Particularly, the height of the nanoholes was designed to be comparable to the diameter of AuNSs, which were assembled at the bottom of each nanohole, such that the top AuNS could be fluently pushed onto the already assembled clusters.
As we previously reported, the selective etching of Au octahedral vertices allowed us to obtain highly uniform, ultra-smooth, and single crystalline AuNSs. In this work, we used 77 ± 3.2 nm and 100 ± 3.2 nm AuNSs, as presented in Figures 2a-b (more information about AuNSs is included in Figure S2 -4). 23 The uniformity of our AuNSs were quantitated by statistical analysis of the aspect ratio. 24 Toward this direction, we carried out the algorithmic analysis of at least 200 AuNSs using custom code ( Figure S4 ). 24 As shown in Figure 2c , the aspect ratio of both 77 nm and 100 nm AuNSs was nearly unity (less than 1.06); indicating that our AuNSs were highly uniform and smooth. In contrast, the AuNSs synthesized by the conventional seed-growth method 20 showed a highly polydispersed aspect ratio ranging between 1 and 2.5 ( Figure S5 ).
We then deposited individually separated 77 nm AuNSs on the top surface of the PMMA nanohole template. To avoid trapping AuNSs within the PMMA nanohole, we used a dry transfer printing method (see Figure S6 ). 27 Figure 2d shows representative dark-field scattering spectra of several AuNSs printed onto the PMMA nanohole template. The wavelength of scattering peaks was consistent and self-evident of highly uniform and smooth AuNS. However, scattering intensities were slightly varied across the AuNSs; indeed, DFOM imaging revealed the non-uniformity of scattering intensities (Figure 2e ) because the rough surface of PMMA nanoholes together with the partial embedment of AuNSs within the PMMA, caused by mechanical printing, affected the light scattering.
The AuNSs were then pushed along the different directions using the linear vector nanomanipulation of the AFM tip, which is highlighted by the red arrows in The key advantage of AFM nanomanipulation is that AuNSs can be individually controlled and located to any desired position with nanometer precision. Thereby, arbitrarily controlled geometry of 3D plasmonic metamolecules together with a sub-5 nm gap can be achieved, as highlighted in Figure 3b ). Additionally, straightforward extensions to a tetragonal pyramid (i.e., AuNS on the centroid of tetramer, shown in Figure 3c ) and a pentagonal pyramid (i.e., AuNS on the centroid of pentamer, shown in Figure 3d ) were achieved.
The ability to specifically place AuNSs with nanometer precision is unique to AFM nanomanipulation and would be difficult to attain with other methods. For example, the colloidal self-assembly is mainly governed by a packing consideration or thermodynamics; thereby, available cluster geometries are in principle limited to symmetric cluster or random aggregate. 6, 15, 17, 28, 29 However, in case, the symmetry of plasmonic metamolecules is needed to be broken especially for enhancing artificial magnetism or inducing Fano resonance. 12, 13, 18 For e-beam lithography, each AuNP can be arbitrarily positioned with high flexibility, so as to form metamolecules with controlled asymmetry. 30 Nevertheless, it is difficult to obtain a few-nanometer gap, which is essential for strong capacitive coupling between particles. Moreover, top-down fabrication inevitably depends on evaporated polycrystalline metals with the surface or edge roughness, such that plasmonic resonance could be dimmed.
Optical magnetism of 3D plasmonic metamolecules
We next verified the optical properties of the assembled 3D plasmonic metamolecules using darkfield spectroscopy and numerical simulation (see Methods). Our plasmonic metamolecules differ in that the PMMA nanohole was used as the substrate rather than a flat layer. Therefore, we investigated the effect of the PMMA nanohole on the optical properties of plasmonic metamolecules (i.e., trimer) by numerical simulation ( Figure S7 ). The PMMA nanohole was found to have negligible influence on the optical properties of the plasmonic metamolecules.
Once the assembly of the 2D symmetric trimer within the PMMA nanohole was confirmed through both AFM imaging and dark-field spectroscopy ( Figures S8-S9 ), we placed a fourth AuNS onto the centroid of the already assembled trimer. As indicated in the numerical prediction, the scattering spectra of 3D symmetric tetrahedral cluster are more independent on the polarizations (s-and p-pol) of incident light (Figures 4a-b ) compared with that of the 2D trimer ( Figures S8-S9 ). Figure 4c shows the relative contribution of the electric/magnetic dipole (ED/MD) and the electric quadrupole (EQ) resonances to the total scattering cross section (SCS) (for s-pol), and Figures 4d-f highlight the nature of these resonances. The optical characteristics of the symmetric tetrahedral cluster for ppol illumination are included in Figure S10 . The broad scattering at 600 nm to 800 nm was caused by ED resonance, mainly confined within the first and second AuNSs (Figure 4d ). Also, the optical magnetism corresponding to the scattering spectral shoulder at 800 nm ("bright" mode) was driven by 3D circulating displacement current and electric field along the 1 st −>3 rd −>2 nd −>4 th −>1 st AuNSs ( Figure 4e ); thereby, MD resonance was generated. This red-shifted MD peak relative to that of ED was consistent with quasistatic analysis. 6 Figure 4f displays the spatial distribution of the induced magnetic near-field and dipole moment resulting from such 3D circulating displacement current. A stronger coupling of the incident H field can be achieved with 3D plasmonic metamolecules compared to the 2D counterpart (e.g., trimer); therefore, the optical magnetism of the symmetric tetrahedral cluster was stronger than that of the 2D trimer.
The hallmarks of the experimentally measured scattering spectra including ED and MD resonances matched well with the theoretical predictions (Figures 4g-i) , confirming that the symmetric tetrahedral cluster was well assembled with high structural fidelity. The MD was relatively weak compared with the ED; as such, the scattering shoulder from MD was smeared ( Figures 4b-c and 4h-i) into a broad ED scattering at 600 nm to 800 nm. To isolate the MD response, we used the cross-analyzer in the light pathway of dark-field spectroscopy, 6 allowing for the clear observation of the enhanced optical magnetism of the 3D symmetric tetrahedral cluster (Figure 4i ).
Engineering of magnetism by symmetry-breaking
Slightly broken symmetries of plasmonic metamolecules, which can be, for example, driven by just a few nanometer-deviations from perfectly symmetric geometry, are non-trivial, in that they induce magnetic-based optical Fano resonance or amplify the artificial magnetism. 9, 14, 18, 31 In what follows, we demonstrate that broken symmetries can be implemented into 3D plasmonic metamolecules with nanometer precision by templated AFM nanomanipulation. In the first example of asymmetric 3D plasmonic metamolecules (Figure 5a ), the two gaps between the first and second and first and third AuNSs in tetrahedral cluster were slightly increased from 1.5 nm to 3.0 nm, whereas the other gaps remained unchanged (1.5 nm).
As presented in Figure 5b , the measured scattering spectrum of the asymmetric tetrahedral cluster (for s-pol) significantly differed from that of the symmetric counterpart. In particular, a pronounced dip in ED scattering was visible around at 760 nm. This spectral dip originated from magneticbased optical Fano resonance (i.e., destructive interference between bright ED and dark MD modes, referred to as optical bianisotropy), as theoretically analyzed in Figures 5c-f. Due to a near-field interaction (i.e., Fano resonance), some portions of ED resonance were directly coupled to the circulating displacement current and electric field along the 1 st −>3 rd −>2 nd −>4 th −>1 st AuNS pathway (Figure 5c ), resulting in a strongly induced MD moment (Figure 5d ).
The total cumulative phase shift during the interference between bright ED (π/2) and dark MD (π/2) via ED −> MD −> ED was found to be π (Figure 5e ), providing additional evidence of Fano resonance and confirming the destructive interference between the ED and MD modes. 9, 14, 18, 31 Furthermore, the resonant wavelength of the MD matched that of the scattering spectral dip (see Figure 5f ). The theoretical analyses predicted a slightly blue-shifted Fano resonance (725 nm) compared with the experimental measurement (760 nm), possibly due to the AuNSs used in the experiment being slightly larger than 77 nm (e.g., 80 nm). Meanwhile, "bright" MD resonance can be induced at around 800 nm (blue line, Figure 5f ); however, its weakness obscures the hallmark in a broad ED.
Also, 3D cluster symmetry can be substantially broken by putting the fourth AuNS onto the center of one of bottom AuNSs instead of onto the centroid of the trimer (Figure 3b ). The full optical characterizations of this asymmetric 3D cluster are included in Figure S11 .
Finally, we heterogeneously assembled 3D plasmonic metamolecules composed of non-equivalent AuNSs, so as to break 3D cluster symmetry (Figure 6a ). First, the symmetric trimer was assembled at the bottom of the PMMA nanohole using three 77 nm AuNSs (Figure 6b ). Subsequently, a 100 nm AuNS was transfer-printed onto the top surface of the PMMA nanohole template and pushed onto the centroid of bottom trimer (Figure 6c ).
Figures 6d and 6e present the theoretically analyzed total SCS and relative contributions of ED, EQ, and MD to the total SCS, respectively. ED was mainly confined in the first and second AuNSs, as with the symmetric tetrahedral cluster, so as to result in a broad scattering at 570 nm to 800 nm. However, compared with the symmetric tetrahedral cluster, the broken symmetries driven by nonequivalent AuNSs further boosted the strength of the induced MD via 3D circulating electric field (1 st −>3 rd −>2 nd −>4 th −>1 st AuNSs, as shown in Figure 6f ), in that the scattering spectral shoulder caused by the MD moment was elusive, even in the total SCS at 710 nm. Figure 6g shows the spatial distribution of the induced MD, which was found to be much stronger than that of the symmetric tetrahedral cluster (Figure 4f ). The experimental scattering showed good agreement with the theoretical prediction (Figures 6h-i) . In particular, the filtered scattering spectrum through the cross-analyzer further elucidated the enhanced MD at 710 nm (Figure 6i ), probing the high structural fidelity of the assembled asymmetric tetrahedral cluster consisting of non-equivalent AuNSs.
Conclusions
We proposed a simple yet versatile method for expanding the available library of AFM nanomanipulation-enabled plasmonic metamolecules from 2D to 3D motifs. In particular, templated dribbling of highly spherical and smooth AuNSs (termed as templated AFM nanomanipulation) was individually manipulated in a relatively deterministic way, allowing for AuNS assembly into 3D clusters with nearly arbitrary geometries. Nanometer-resolution of NP position and interparticle space, which would be difficult to attain with other conventional methods, was successfully achieved. As such, the peculiar electromagnetic behaviors at optical frequencies including artificial magnetism and magnetic-based Fano resonance were precisely tailored with the 3D plasmonic metamolecules. Furthermore, our method has potential to serve as an intriguing and generalizable tool for the control of other NP-based 3D couplings such as Rabi splitting and molecular optomechanics. 32, 33 Methods Nanoimprinting fabrication of polymeric nanohole templates. To obtain PMMA nanoholes with high structural fidelity, we employed rigiflex nanoimprint lithography using a high modulus elastomeric stamp based on polyurethane (PUA, 40 MPa modulus) rather than conventional polydimethylsiloxane (PDMS, 1.8 MPa modulus). 26 The silicon master pattern was obtained by a monolithic nanofabrication set comprised of e-beam lithography and reactive ion etching (RIE); the PUA mold was replicated from the Si master. The thin PMMA layer was coated onto the glass substrate and imprinted using the replicated PUA mold at elevated high temperature at 120 °C, which is higher than the glass transition temperature of the PMMA (115 °C).
Dry transfer printing of AuNSs onto the top surface of the PMMA nanohole template. The AuNSs were first dispersed onto a flat Si wafer using spin coating. AuNSs were individually separated on the Si wafer by adjusting the concentration of AuNSs solution and spinning rate. A flat PDMS stamp was then conformably contacted with the AuNSs-coated Si wafer using a high preload. The ratio of curing agent to precursor was 0.1. The rapid retraction of the PDMS stamp from the Si wafer completed the AuNS retrieval ("inking" process). The printing and subsequent slow retraction of the PDMS stamp allowed AuNSs to be printed only on the top surface of the PMMA nanohole template.
Synthesis of highly uniform and smooth AuNSs. We used the protocol described in our previous report. 23 We started with the synthesis of single-crystalline Au octahedra by a controlled reduction of chloroauric acid (HAuCl 4 ) in the presence of ethylene glycol, poly(diallyl dimethyl ammonium chloride) (polyDADMAC), and phosphoric acid (H 3 PO 4 ). Then, the vertices and edges of the Au octahedra were selectively etched by adding chloroauric acid (i.e., oxidizing agent).
AFM nanomanipulation. A commercialized AFM system (NTEGRA spectra, NT-MDT) was used; the standard nanomanipulation protocol, provided by the NTEGRA spectra, was employed for programmed, linear vector motion of the AFM tip. To minimize the adhesion between the AFM tip and polyDADMAC (organic ligand of AuNSs), we coated platinum-iridium (Pt-Ir) on the surface of a silicon-AFM tip. 19 AFM nanomanipulation of the AuNSs was repeated until the desired dark-field scattering spectrum was obtained.
Dark-field spectroscopy. We used our custom-built dark-field spectroscope, in which optical microscope (Nikon Eclipse), imaging spectrometer (IsoPlane, Princeton Instruments), and a CCD camera (PIXIS-400B, Princeton Instruments) are integrated. The incident angle of the broadband light source was 64°; the polarizations were controlled to be s-or p-pol by a polarizer (Thorlabs Inc.). The scattered light was collected using an objective lens with a numerical aperture of 0.9 and was then analyzed with an imaging spectrometer and CCD.
Numerical simulation. Numerical simulation of plasmonic cluster SCS was carried out using the finite element method (FEM), which was supported by COMSOL Multiphysics software. A semiinfinite PMMA nanohole template was employed in the simulation model and a perfectly matched layer was designed to rationally encapsulate the substrate and cluster to minimize the reflection effect. ED, EQ, and MD in the multipole expansion were numerically computed (the required polarization vector was integrated inside the particles). Then, the integration of the complex Poynting vector (vector potential) allowed us to determine the relative contribution of ED, EQ, and MD to the total average of radiate power. Normalization of the obtained vector potential to the incident power resulted in SCS. 12 The Au dielectric constants were taken from Johnson and Christy. 34 
